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and MIP-1 �  or by exosomes. While the mast cell-derived 
factor(s) increased p38 MAPK  phosphorylation in hASM cells, 
cytokine production was not inhibited by the p38 MAPK  inhib-
itor SB203580. hASM cell production of IL-8 induced by 
HMC �  condition media but not IL-6 was, however, attenu-
ated by the Src tyrosine kinase inhibitor PP2.  Conclusions:  
Our study shows that the release of soluble mediators by ac-
tivated mast cells can stimulate hASM cells to elicit produc-
tion of proinflammatory cytokines that may then exacerbate 
airway inflammation in asthma. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Mast cells and human airway smooth muscle (hASM) 
cells are central cell types in the pathobiology of asthma 
 [1, 2] . Increased numerical density of mast cells in the air-
way smooth muscle bundles of human airways is a unique 
feature of asthma  [3, 4] . This observation identifies mast 
cell/hASM cell interactions as a potentially important in-
fluence on the asthmatic phenotype.

  The localization and adhesion of mast cells within air-
way smooth muscle bundles likely facilitates specific in-
teractions between both cell types via direct cell-cell con-
tact or through released factors that may modulate cell 
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 Abstract 

  Background:  A notable feature of allergic asthma is the in-
filtration of mast cells into smooth muscle in the human air-
way. Thus, mast cells and human airway smooth muscle 
(hASM) cells are likely to exhibit mutual functional modula-
tion via direct cell-cell contact or through released factors. 
This study examined mast cell modulation of hASM cell cy-
tokine release.  Methods:  The mast cell line HMC �  was used 
to model mast cell function. hASM cells were either co-cul-
tured directly with resting or IgE/antigen-stimulated HMC �  
cells or treated with HMC � -conditioned media to examine 
the impact on cytokine release. The activation pathways 
triggered in hASM cells by the mast cell-derived factors were 
examined through the use of selective inhibitors and by 
Western blotting.  Results:  HMC �  cells, or their conditioned 
media, induced the expression of cytokines (IL-8 and IL-6) by 
hASM cells at both the mRNA and the protein level. Cytokine 
expression in hASM cells was greatly amplified when HMC �  
cells were IgE/antigen-activated. The effects of the condi-
tioned media were not mediated by the chemokines MCP-1 

 Received: February 13, 2012 
 Accepted after revision: May 21, 2012 
 Published online: September 1, 2012 

 Correspondence to: Dr. Graham A. Mackay 
 Department of Pharmacology, University of Melbourne 
 Medical Building, Grattan Street 
 Parkville, VIC 3010 (Australia) 
 Tel. +61 3 8344 3932, E-Mail gmackay   @   unimelb.edu.au 

 © 2012 S. Karger AG, Basel
1018–2438/13/1601–0075$38.00/0 

 Accessible online at:
www.karger.com/iaa 



 Xia/Harris/Stewart/Mackay

 

 Int Arch Allergy Immunol 2013;160:75–85 76

function reciprocally. hASM cells have the capacity to 
produce many cytokines and chemokines, such as the C-
X-C motif chemokines CXCL10 (IP-10), CXCL12, IL-8, 
and eotaxin  [5–7] . These chemokines exhibit mast cell 
chemotactic activity through binding of their respective 
chemokine receptors  [5, 8, 9] . After localization into the 
airway smooth muscle bundles, mast cells adhere to 
hASM cell avidly, with cell adhesion molecule 1 (CADM1) 
being important in this regard  [10] .

  While hASM cell contact has been shown to enhance 
mast cell degranulation  [11, 12] , direct interaction be-
tween these cell types can also modulate hASM cell activ-
ity. hASM cells co-cultured with mast cells, or mast cell-
derived membranes, showed elevated eotaxin produc-
tion, which was greater when cells were in direct contact 
 [13] .

  In addition to direct cell-cell contact, hASM cells and 
mast cells could also communicate by releasing soluble 
mediators  [14, 15] . Mast cell mediators such as histamine, 
cysteinyl leukotrienes, and prostaglandin D 2  can cause 
airway contraction, while tryptase, chymase, TNF- � , 
TGF- � , and PDGF can stimulate hASM cell proliferation 
and the deposition of ECM proteins, contributing to air-
way remodeling  [16–20] . Moreover, IL-1 � , TNF- � , and 
TGF- �  can enhance the release of cytokines (e.g. IL-8, 
IL-6, and eotaxin) from hASM cells  [7, 21–23] . However, 
in keeping with their emerging role as negative as well as 
positive regulators of inflammation  [24] , mast cells are 
also capable of secreting IL-4, IL-10, and IL-13  [25] , and 
treatment of hASM cells with these cytokines has been 
shown to inhibit IL-8 and RANTES secretion  [7] .

  Mast cells are also known to release exosomes. These 
small lipid vesicles are known to contain a number of im-
munoregulatory proteins such as MHC and tetraspanins 
as well as mRNA and microRNAs  [26, 27] . These mole-
cules can be presented/transferred to recipient cells, thus 
regulating cellular processes such as lymphocyte prolif-
eration and mediator release from endothelial cells  [26, 
28–30] . However, the importance of mast cell-derived 
exosomes for hASM cell activity has not been investi-
gated.

  We have examined the actions of mast cells on hASM 
cell function by co-culturing these cell types to model the 
cell behavior occurring in the airway environment which 
is influenced by a complex mix of factors. In contrast to 
earlier studies  [13, 31] , the HMC �  cell line, generated by 
stable transfection of HMC-1 cells with the  � -subunit of 
human Fc � RI (HMC �  cells)  [32] , was utilized through-
out to also permit investigation of IgE-dependent activa-
tion of the mast cells.

  Methods and Materials 

 Cell Culture 
 hASM was dissected from bronchi obtained during lung re-

section surgery (kindly provided by The Alfred Hospital, Mel-
bourne, Vic., Australia) as approved by The University of Mel-
bourne Human Ethics Committee. hASM cells were prepared as 
described previously  [33]  and then maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) (Invitrogen) supplemented 
with heat-inactivated fetal bovine serum (FBS; 10% v/v),  L -gluta-
mine (2 m M ), penicillin G (100 U/ml), streptomycin (100  � g /ml) 
(all from Invitrogen), HEPES (16 m M ), sodium bicarbonate (0.2% 
v/v), and nonessential amino acids (1% v/v) (all from Sigma). Cells 
at passage numbers between 3 and 15 were used. Nine separate 
specimens were obtained for this study from 1 healthy donor and 
8 donors with respiratory disorders (age 14–63 years; 4 male, 4 
female, 1 information not available). The indications for resec-
tion/diagnoses of the donors were: asthma (n = 2), pulmonary 
hypertension (n = 1), bronchiectasis (n = 1), lymphangioleiomyo-
ma (n = 1), pulmonary fibrosis (n = 1) and pulmonary emphysema 
(n = 1). Information regarding diagnoses was not available for one 
of the donors. Telomerase-immortalized hASM cell lines  [34]  
(kindly provided by Prof. William Gerthoffer, University of South 
Alabama, Mobile, Ala., USA) were cultured identically to the pri-
mary hASM cells. hASM cells were, unless stated, serum starved 
for between 24 and 48 h (medium as above but with 0.25% w/v 
BSA replacing the FBS) before use. Monomed A (SAFC Biosci-
ences), comprising insulin, transferrin, and selenium, was added 
to all serum-starved cells (1% v/v) during this period.

  Human mast cell line (HMC-1) cells  [35]  (kindly provided by 
Prof. Joseph Butterfield, Mayo Clinic, Rochester, Minn., USA) 
transfected with the human Fc � RI � -subunit (HMC � )  [32]  were 
cultured in Iscove’s modified Dulbecco’s medium (IMDM; Hy-
clone), supplemented with FBS (10% v/v), glutamine (2.0 m M ), 
penicillin (500 U/ml), streptomycin (500  � g/ml), G418 (125  � g/
ml) (all from Invitrogen), and alpha-thioglycerol (0.01% v/v; Sig-
ma).

  Generation of HMC �  Cell-Derived Conditioned Medium 
 HMC �  cells were incubated with human IgE (hIgE) [anti-NP 

(clone JW8 (ECACC); 1  � g/ml] for 3 days, and then incubated in 
serum-free DMEM after washing once with PBS. The cells (1  !  
10 6  cells/ml) were treated with or without antigen (NIP-BSA; 3 ng/
ml) for 4 h, and the HMC �  cell-derived conditioned medium 
(CM) was harvested by centrifugation of supernatants (200  g ,
5 min), followed by filtration through a 0.2- � m porous mem-
brane.

  Ultracentrifugation of CM for Exosome Depletion 
 A differential ultracentrifugation protocol was used to remove 

exosomes from the HMC �  cell-derived CM  [36] . Briefly, HMC �  
cell-derived CM was harvested as described above and then trans-
ferred to a 10-ml polycarbonate ultracentrifuge tube (Thermo 
Scientific) and centrifuged (10,000  g,  30 min, 4   °   C) to remove fur-
ther cell debris. The supernatants were then transferred to a fresh 
tube and centrifuged (100,000  g,  70 min, 4   °   C) to sediment exo-
somes. Both centrifugation steps used a Sorvall WX Ultra90 cen-
trifuge (Thermo Scientific). The exosome-depleted supernatants 
were then carefully removed and used immediately to treat hASM 
cells.



 Mast Cell and Airway Smooth Muscle 
Cell Interactions 

 Int Arch Allergy Immunol 2013;160:75–85 77

  Cell Stimulation and Cytokine ELISA 
 hASM cells were plated in 12-well tissue culture plates (1  !  

10 5  cells/well). The cells were allowed to attach to the wells over 
approximately 15 h, and they were then serum starved for a fur-
ther 24 h. HMC �  cells were sensitized with hIgE for 3 days in 
serum-complete IMDM. hASM and HMC �  cells cultured alone 
were used as controls. To examine the functional effects of direct 
cell-cell contact, HMC �  cells were washed with PBS and resus-
pended in serum-free DMEM and then added to the wells con-
taining hASM cells. HMC �  cells were also used to generate the 
CM as described above. Both the nonstimulated and the antigen-
stimulated HMC �  cell-derived CM were then added to the se-
rum-starved hASM cells to examine the effects of HMC � -derived 
soluble factor(s) on hASM cell cytokine production.

  In most situations, cells were co-cultured at an hASM cell/
mast cell ratio of 1:   10. A 4:   1 hASM cell/mast cell ratio was also 
studied, however, as this better reflects the ratio reported in vivo 
 [11] . The cell-cell co-cultures, hASM or HMC �  cell alone groups 
were then treated with or without antigen (3 ng/ml) for 24 h. In 
studies to determine the heat-sensitivity of released factors, anti-
gen-stimulated HMC �  cell CM was heated to various tempera-
tures (21–99   °   C) for 30 min, diluted 1/50 in serum-free DMEM, 
and added to hASM cells for 24 h. In some experiments hASM 
cells were stimulated with various concentrations of either MIP-
1 �  or MCP-1 (ProSpec) for 24 h.

  Pathways potentially involved in the intracellular signaling 
underlying the activity of the HMC �  cell-derived CM were exam-
ined using the Src kinase inhibitor PP2, the p38 MAPK  inhibitor 
SB203580, the Jun N-terminal kinase (JNK) inhibitor SP600125 
(all from Enzo Life Sciences), and the MAP kinase 1 and 2 (MEK 
1 and 2) inhibitor U0126 (Tocris Bioscience), all of which were 
added to hASM cells 30 min prior to addition of the HMC �  cell-
derived CM. The glucocorticoid dexamethasone was also used as 
a control agent known to inhibit cytokine production from hASM 
cells. In all cases, hASM cell supernatants were then harvested 
and assayed for IL-8 and IL-6 levels using commercially available 
ELISA kits (OptEIA; BD Biosciences) according to the manufac-
turers’ instructions, with absorbance measured using a plate 
reader (Multiskan Ascent; Thermo Scientific) and cytokine con-
centrations determined from standard curves using Ascent soft-
ware version 2.6 (Thermo Scientific).

  Quantitative Real-Time PCR Detection of Cytokine mRNA 
 hASM cells were treated with HMC �  cell-derived CM for 6 or 

16 h. The mRNA was extracted from cells using an RNeasy Mini 
Kit according to the manufacturer’s protocol (Qiagen). mRNA 
was quantified and purity assessed using a NanoDrop TM  2000 
(Thermo Scientific). The purified total RNA was used as a tem-
plate to generate first-strand cDNA via reverse transcription. The 
reaction mix contained RNA (0.5  � g), Superscript III reverse 
transcriptase (20 U; Invitrogen), random hexamers (37.5 ng; Pro-
mega), 2-deoxynucleotide 5 � -triphosphate (dNTP; 0.5 m M ) mix 
(Promega), and RNase inhibitor (2 U; Invitrogen) in a final vol-
ume of 5  � l. Reverse transcription was performed with a thermo-
cycler (GeneAmp 2400; Perkin-Elmer) using the following condi-
tions: 25   °   C/10 min, 37   °   C/60 min, and 95   °   C/5 min. The resulting 
cDNA was diluted 1:   40 with sterile water and stored at –20   °   C un-
til use.

  An ABI Prism 7900HT sequence detection system (Applied 
Biosystems) was used to quantitatively analyze the level of IL-8 or 

IL-6 gene expression in the samples being tested. Each real-time 
reaction (10  � l; conducted in a 384-well plate) contained diluted 
cDNA (3  � l), Platinum SYBR Green qPCR Supermix-UDG (5  � l; 
Invitrogen), and gene-specific forward and reverse primers (0.2 
 �  M ; Invitrogen). 18S ribosomal RNA (18S rRNA) was used as a 
housekeeping gene. Primer sequences used were IL-8F; 5 � -CTG 
GCC GTG GCT CTC TTG-3 � , IL-8R; 5 � -CCT TGG CAA AAC 
TGC ACC TT-3 � , IL-6F; 5 � -AGC TCT ATC TCG CCT CCA GGA-
3 � ; IL-6R; 5 � -CGC TTG TGG AGA AGG AGT TCA-3 � , 18S rRNAF; 
5 � -CGC CGC TAG AGG TGA AAT TC-3 � , 18S rRNAR, and 5 � -
TTG GCA AAT GCT TTC GCT C-3 � . Real-time PCR reactions 
were carried out in triplicate using the following cycle conditions: 
50   °   C/2 min, and 95   °   C/10 min to activate the DNA polymerase, 
which was then followed by 40 cycles of denaturation at 95   °   C/
15 s and annealing/extension at 60   °   C/60 s. The software SDS 2.1 
(Applied Biosystems) was used to generate threshold cycle (Ct) 
values.

  The mRNA levels of IL-8 and IL-6 were expressed using the 
 �  � Ct and relative value method. Firstly,  � Ct values were gener-
ated by subtracting the Ct value for the target gene from the Ct 
value of the 18S rRNA.  �  � Ct values were then generated by sub-
tracting the  � Ct value of the treatment group from the  � Ct value 
of the control group. The relative fold expression of the target 
genes was then calculated as 2 – �  � Ct .

  Western Blot Analysis 
 hASM cells were plated in 6-well plates (2  !  10 5  cells/well). 

The cells were allowed to attach over 15 h and were then serum 
starved for 24 h. Cells were then treated with HMC �  cell-derived 
CM for 15 min or 1 h. Cells were washed with ice-cold PBS ( ! 2), 
and then lysed with lysis buffer [1% v/v Brij-96, 150 m M  NaCl, 10 
m M  Tris-HCl (pH 7.5)], containing sodium orthovanadate (1 m M ) 
and a protease inhibitor cocktail (Sigma). The lysate was collected 
and clarified by centrifugation (13,000  g , 15 min, 4   °   C). Lysates 
were denatured and reduced in SDS sample buffer (0.05  M  Tris-
HCL, 0.1% w/v SDS, 10% v/v glycerol, 50 m M  dithiothreitol), and 
separated by 10% SDS-polyacrylamide gel electrophoresis, and re-
solved proteins were transferred onto PVDF membranes (GE 
Healthcare). The membranes were blocked [2% (w/v) BSA in 
TBS/0.05% Tween 20] for 1 h and then probed with either anti-
phospho-ERK1/2 (Thr202/Tyr204) or anti-phospho-p38 MAPK  
(Thr180/Tyr182) (Cell Signaling Technology) overnight at 4   °   C. 
Subsequently, membranes were washed in TBS with 0.05% Tween 
20 and incubated with the appropriate HRP-conjugated second-
ary antibodies (Chemicon) at room temperature for 2 h. Immu-
noreactive proteins were visualized by enhanced chemilumines-
cence (ECL; GE Healthcare) using an ImageQuant 350 imager 
(GE Healthcare). Blots were then stripped (1.5% w/v glycine, 0.1% 
w/v SDS, 1% v/v Tween 20, pH = 2.2) and reprobed with either 
anti-p38 MAPK  or anti-ERK1/2 antibodies (Santa Cruz) and visual-
ized again. Band intensities were quantified by densitometry us-
ing the Image J program (National Institutes of Health, Bethesda, 
Md., USA). The MAPK phosphorylation levels were normalized 
to total MAPK, and the data were then expressed as percentages 
of control levels at the 15-min time point.

  Statistical Analysis 
 Data from ELISA and Western blot analysis are expressed as 

means  8  SEM, where n represents the number of independent 
primary hASM cell cultures used or the number of experiments 
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repeated when using hASM cell lines. For ELISA, Western blot, 
and qPCR data, differences between treatment groups were tested 
using one-way repeated measures ANOVA or two-way repeated 
measures ANOVA, followed by Bonferroni’s post hoc test for mul-
tiple comparisons. A two-tailed paired Student’s t test was also 
used to compare certain groups of ELISA data. p  !  0.05 was con-
sidered statistically significant. Statistical analysis was performed 
using GraphPad Prism �  for Windows (version 5.00; GraphPad 
Software).

  Results 

 HMC �  Cell-Derived CM Elicits Cytokine Release 
from hASM Cells 
 In keeping with our previous findings, IgE-sensitized 

HMC �  cells basally released no detectable IL-8 or IL-6 
but, following challenge with antigen, significant secre-
tion of these cytokines was observed ( fig. 1 a)  [32] . hASM 
cells basally secrete IL-8 and IL-6 and the cells produced 
similar levels of the measured cytokine after treatment 
with hIgE/antigen ( fig. 1 a), consistent with previous find-
ings that there is no functional IgE receptor expression 
on cultured hASM cells  [31, 37] .

  hASM cells co-cultured with HMC �  cells produced 
greater levels of IL-8 and IL-6 compared to when hASM 
cells were cultured alone. Similarly, transfer of the non-
stimulated HMC �  cell-derived CM to hASM cells also 
induced IL-8 and IL-6 production ( fig. 1 a).

  hASM cells co-cultured with HMC �  cells, and then 
challenged with antigen, showed a large enhancement of 
the production of all measured cytokines which was sig-
nificantly greater than the cytokine release from hASM 
cells cultured alone and with non-antigen-activated 
HMC �  cells. CM derived from antigen-activated HMC �  
cells had a similar effect ( fig. 1 a). These results demon-
strate that HMC �  cells produce soluble factor(s) with 
the capacity to trigger significant cytokine release from 
hASM cells, with this ability being enhanced by anti-
gen-activation of HMC �  cells. It is noteworthy that the 
quantities of IL-8 and IL-6 released from the CM-acti-
vated hASM cells is several orders of magnitude greater 
than the levels of these cytokines released directly from 
antigen-activated HMC �  cells. This places the hASM 
cell as the dominant producer of IL-8 and IL-6 in these 
studies.

  A co-culturing ratio of 4:   1 hASM cells/HMC �  cells 
was also studied to better reflect the cell ratio occurring 
in vivo  [11] . Essentially similar results to those obtained 
above were generated, albeit with reduced quantities of 
cytokines liberated ( fig. 1 b).

  Consistent with the released factors inducing tran-
scriptional activation of IL-8 and IL-6 genes, HMC �  CM 
produced a trend towards an increase in the expression 
levels of mRNA for these cytokines, with this effect
becoming statistically significant upon stimulation of 
HMC �  cells with hIgE/antigen (online suppl. fig. 1; see 
www.karger.com/doi/10.1159/000339697 for all online 
suppl. material).

  Exosome Depletion of HMC �  Cell-Derived CM Does 
Not Reduce Its Stimulatory Effects on IL-8 Production 
 Previous studies have shown that HMC-1 cells can re-

lease exosomes with a range of biological actions  [28, 30] . 
We therefore sought to determine whether these small 
vesicles were responsible for the bioactivity in the HMC �  
cell supernatants.

  The experiment was performed as described above, 
with one extra condition added in which exosomes were 
depleted from the HMC �  CM by ultracentrifugation. In 
keeping with results in  figure 1 , transfer of the HMC �  CM 
significantly induced IL-8 production from hASM cells, 
with this being enhanced by hIgE/antigen stimulation of 
the HMC �  cells. However, centrifugal depletion of exo-
somes had no significant effect on the ability of the HMC �  
CM to induce IL-8 release from hASM cells. There was, 
however, a trend towards a decrease in hASM cell IL-8 
production following exosome depletion from the hIgE/
antigen-stimulated HMC �  cell-derived CM ( fig. 2 ).

  HMC �  Cell-Derived Active Factor(s) Are Heat Labile 
 To test the heat stability of the active factor(s), the un-

diluted antigen-stimulated HMC �  CM was heated to 
various temperatures (21–99   °   C) for 30 min, diluted 50-
fold with fresh serum-depleted DMEM, and added to 
hASM cells. Incubation of HMC �  CM at 21–60   °   C had 
little effect on its ability to induce IL-8 or IL-6 release 
from hASM cells. However, the HMC �  CM started to 
lose functional activity at 70   °   C and was significantly re-
duced at 80   °   C and 90   °   C (online suppl. fig. 2). This heat 
sensitivity, combined with membrane filtration data that 
showed that the factor had a molecular mass  1 10 kDa 
(data not shown), provides evidence that the mast cell-
derived active factor is likely a proteinaceous mediator.

  Treatment of hASM Cells with MIP-1 �  or MCP-1 
Does Not Induce Cytokine Release 
 We have previously profiled the cytokines released 

from IgE/antigen-stimulated HMC �  cells using a 17-plex 
array  [32] . Among the released cytokines, MIP-1 �  and 
MCP-1 were, in terms of quantity, the two predominant 
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cytokines produced. Furthermore, the relatively high 
basal release of MCP-1 could potentially account for the 
ability of the nonstimulated HMC �  cell-derived CM to 
activate hASM cells. However, MCP-1, MIP-1 � , or a com-
bination of the two chemokines did not produce a sig-
nificant change in IL-8 release from hASM cells (data not 
shown).

  HMC �  Cell-Derived CM Induces p38 MAPK  
Phosphorylation in hASM Cells 
 MAPK pathways have been well studied in relation to 

their regulation of cytokine production in hASM cells 
 [13, 38–42] . We examined whether treatment of hASM 
cells with HMC �  CM affected the activation of ERK1/2 
and p38 MAPK . HMC �  CM induced p38 MAPK , but not 
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  Fig. 1.  Co-culture of HMC �  cells and hASM cells, or addition of 
HMC �  cell-derived CM, triggers the release of large quantities of 
cytokines from hASM cells. Co-culturing ratios of 1:   10 ( a ) and
4:   1 ( b ) hASM cell/mast cell were examined. IL-8 and IL-6 were 
measured after 24 h of stimulation of hASM cells with/without 
HMC �  cell-derived CM or co-culturing with HMC �  cells. 
HMC �  cells were either nonstimulated or activated through 
Fc � RI by hIgE/antigen stimulation. Results are expressed as the 
mean cytokine levels  8  SEM of experiments conducted on 3–9 

different hASM cell cultures. One-way repeated measures ANO-
VA, followed by Bonferroni’s multiple post hoc test.  *  p  !  0.05,
 *  *  p  !  0.01,  *  *  *  p  !  0.001 comparing hASM cell and HMC �  cell 
co-cultures or hASM cell and HMC �  CM to hASM cell alone cul-
tures. Two-way repeated measures ANOVA, followed by Bonfer-
roni’s multiple post hoc test, was applied for comparisons of the 
antigen-stimulated group to the nonstimulated group.  #  p  !  0.05, 
 ##  p  !  0.01,  ###  p  !  0.001. n.d. = Not detected. 
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ERK1/2, activation after 15 min. Sustained phosphoryla-
tion, albeit to a lesser extent, was also observed 1 h after 
stimulation ( fig. 3 ). In keeping with the increased levels 
of bioactivity released from HMC �  cells following hIgE/
antigen-stimulation, the p38 MAPK  phosphorylation was 
also enhanced by antigen activation of hASM cells ( fig. 3 ).

  HMC �  CM-Mediated IL-8 Production Is Inhibited 
by Src Kinase Inhibition, but Not MAPK Pathway 
Inhibition 
 We next assessed whether the activation of p38 MAPK  

directly contributes to the HMC �  CM-mediated cytokine 
production from hASM cells. While hASM cell treatment 
with the glucocorticoid dexamethasone (100 n M ) pro-
duced strong inhibition of cytokine release across all con-
ditions tested, pretreatment of hASM cells with the 
p38 MAPK  inhibitor (SB203580; 1  �  M ) or inhibitors of JNK 
(SP600125; 1  �  M ) and ERK1/2 (U0126; 1  �  M ) did not in-
hibit either resting or hIgE/antigen-stimulated HMC �  
CM-mediated cytokine (IL-8 and IL-6) production. How-
ever, CM-induced release of IL-8, but not IL-6, was inhib-
ited by the Src kinase inhibitor PP2 (10  �  M ;  fig. 4 ).
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p38 MAPK  and ERK1/2 antibodies. Blots shown are representative 
of experiments conducted on 3 separate experiments using 1 im-
mortalized hASM cell line. The band intensities were quantified 
by densitometry using the Image J program. The MAPK phos-
phorylation levels were determined by normalization of phos-
phorylated MAPK over total MAPK intensities and are expressed 
as the mean percentage of the 15-min control level  8  SEM. Two-
way repeated measures ANOVA followed by Bonferroni’s post 
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  Discussion 

 A distinguishing feature of allergic asthma is the infil-
tration of mast cells into human airway smooth muscle 
bundles, which is not observed in other related airway 
disorders  [3, 4] . Previous studies have reported that hASM 
cells are able to release a number of chemokines to recruit 
mast cells into the smooth muscle bundles in human air-
ways  [5, 11, 43, 44] . Recruited mast cells can then firmly 
adhere to the hASM cells partially via the adhesion mol-
ecule CADM1  [10]  and extracellular matrix protein re-
ceptors CD51 and CD44  [45] . Thus, mast cells and hASM 
cells likely exhibit mutual functional modulation via di-
rect cell-cell contact or through released factors that can 
potentially enhance and perpetuate asthmatic symp-
toms. The present study aimed to extend our understand-
ing of the functional consequences of mast cell and hASM 
cell interactions. As previous studies have shown that co-
culture of mast cells and hASM cells did not affect prolif-
eration of nonasthmatic hASM cells  [31, 46] , hASM cell 
cytokine production was focused upon in the present 
study.

  Our results demonstrate that contact with HMC �  
cells induced cytokine release from hASM cells that was 
greatly enhanced by IgE/antigen stimulation of the 
HMC �  cells. These results are in accordance with an ear-

lier study that showed enhanced eotaxin release after co-
culture of hASM cells and HMC-1 cells  [13] . The actions 
of HMC � -derived CM were examined in parallel studies. 
CM derived from resting HMC �  cells also triggered IL-8 
and IL-6 production from hASM cells, but to a lesser ex-
tent than direct cell-cell contact. This observation em-
phasizes the importance, under resting conditions, of 
cell-cell contact for cell stimulation, as was shown previ-
ously using HMC-1 cells  [13] . However, antigen-stimulat-
ed HMC �  cell-derived CM had an effect similar to that 
of direct cell-cell contact, demonstrating a dominant role 
for a soluble factor released from the antigen-stimulated 
HMC �  cells. The level of cytokine released by hASM cells 
in response to the antigen-stimulated HMC �  cell-de-
rived CM is of a significant biological magnitude. This 
effect might be expected to be further enhanced in the 
remodeled asthmatic airway where extensive smooth 
muscle hypertrophy and hyperplasia are known to occur 
 [14, 15] .

  It is possible that the CM prevents degradation of the 
constitutively released cytokines from hASM, as cyto-
kines such as IL-8, IL-6, and IL-13 are known to be de-
graded by mast cell proteases (chymase and cathepsin G) 
 [47] . We thus examined whether CM derived from HMC �  
cells triggered cytokine production through driving cy-
tokine gene transcription. We showed that the HMC �  
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  Fig. 4.  Inhibition of the HMC �  CM-medi-
ated IL-8 and IL-6 production from hASM 
cells by the Src kinase inhibitor PP2 and 
glucocorticoid dexamethasone. hASM 
cells were serum starved for 24 h and pre-
incubated with the p38                 MAPK  inhibitor 
SB203580, the JNK inhibitor SP600125, 
the ERK1/2 inhibitor U0126, Src kinase in-
hibitor PP2, or dexamethasone for 30 min 
prior to activation of cells with either non-
stimulated HMC     �  cells CM (restCM) or 
antigen-stimulated HMC �  cells CM 
(AgCM) (1:   10 dilution) for 24 h. Levels of 
IL-8 and IL-6 were then measured by im-
munoassay. Drug diluent (DMSO 0.1%) 
had no measurable effect on IL-8 release. 
Results shown are means        8  SEM of 4 sep-
arate experiments using 1 immortalized 
hASM cell line. One-way repeated mea-
sures ANOVA followed by Bonferroni’s 
post hoc test was applied for multiple com-
parisons.  *  p    !  0.05,  *  *  *  p  !  0.001 for com-
parison to no-inhibitor groups. 
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cell-derived CM enhanced hASM cell IL-8 and IL-6 
mRNA levels. However, the released factors in the CM 
might also act to enhance cytokine mRNA stabilization, 
a mechanism previously shown to be important in hASM 
cell cytokine release  [48, 49] .

  A previous study showed that CM derived from acti-
vated human lung mast cells also increased IL-8 secretion 
but reduced eotaxin production from hASM cells  [31] . 
Using HMC-1 cells, both we (data not shown) and others 
 [13]  have shown an enhancement of eotaxin release upon 
mast cell/hASM cell co-culture. This inconsistency is 
likely related to the different mast cells utilized between 
these studies. Unlike HMC-1 cells, primary lung mast 
cells have a more mature phenotype with abundant cyto-
plasmic granules that can undergo exocytosis, releasing 
granular mediators such as histamine and proteases such 
as tryptase. As we reported recently  [32] , HMC �  cells do 
not degranulate to IgE/antigen activation, as measured 
through  � -hexosaminidase release. Thus, there will be a 
different spectrum of mediators released from these dif-
ferent mast cells. This would be expected to have both 
functional and experimental implications. For instance, 
it has been shown that tryptase can cleave eotaxin  [50] , 
possibly accounting for the inconsistencies raised above. 
Thus, HMC �  cells may be a good model system of the 
immature mast cells known to exist in the lung  [51] ; these 
cells perhaps represent newly recruited blood-borne mast 
cell progenitors. In addition, it is known that a subpopu-
lation of lung mast cells, despite expressing Fc � RI, show 
relatively modest degranulation responses  [52] .

  Our data demonstrate that mast cell-derived soluble 
factor(s) can trigger cytokine production from hASM 
cells. It is known that mast cells release numerous media-
tors and cytokines (such as histamine, leukotrienes, 
tryptase, IL-1 � , and TNF � ), which are capable of regu-
lating hASM activities, such as contraction, cell prolif-
eration, and triggering of cytokine production. The heat 
denaturation and molecular sizing profile of the CM
suggested that the responsible factor(s) were likely pro-
teinaceous. In a previous bioplex-cytokine assay, we ex-
amined the release of 17 inflammatory cytokines from 
HMC �  cells  [32] . MCP-1 and MIP-1 �  were the two most 
notable chemokines released from HMC �  cells, with 
MCP-1, by nature of its basal release from HMC �  cells 
and the bioactivity of resting HMC �  CM, being of par-
ticular interest. While a recent study has examined the 
actions of MIP-1 �  on hASM cell proliferation  [53] , the ef-
fects of MCP-1 and MIP-1 �  on hASM cell cytokine pro-
duction have not been reported. Recombinant MCP-1, 
MIP-1 � , or a combination of the two chemokines did not 

induce IL-8 production from hASM cells. This observa-
tion suggests that these chemokines are not the bioactive 
factors released from HMC �  cells, or that other factors in 
the HMC �  cell-derived CM might also be required. The 
bioplex assay showed that HMC �  cells were also able to 
release a number of other cytokines, such as TNF � , IL-
1 � , IFN � , and IL-17, which are known to trigger cytokine 
production from hASM cells  [7, 54] . However, based on 
the published activity of these cytokines on hASM cells 
 [7, 54–56] , the quantities released from HMC �  cells are 
unlikely, as individual stimuli, to directly induce the lev-
el of IL-8 production from hASM cells that is mediated 
by the HMC �  cell-derived CM. However, we cannot dis-
count the cumulative, and possibly synergistic, actions of 
these cytokines accounting for the effects observed.

  Recent studies reported that mast cells are able to com-
municate with other cells via the release of exosomes. 
These vesicles contain various immunoregulatory pro-
teins as well as mRNAs and microRNAs  [27, 57, 58] . Evi-
dence has shown that mast cell-derived exosomes are able 
to induce lymphocyte proliferation and cytokine produc-
tion  [30, 59] , and can also induce mediator release from 
endothelial cells  [28] . We found that depletion of exo-
somes through ultracentrifugation did not significantly 
alter HMC �  cell-derived CM-mediated IL-8 production 
from hASM cells. However, there was a trend towards re-
duction of the stimulatory response when exosomes were 
depleted from the antigen-stimulated HMC �  cell-de-
rived CM. This result suggests that exosomes might par-
tially contribute to mast cell-mediated hASM cell modu-
lation, but it is clear that soluble factors are critical to the 
effect.

  MAPK pathways are well known to contribute to cy-
tokine production by hASM cells, with the importance of 
the pathways being very much dependent upon the cyto-
kine measured and the nature of the stimulus used  [13, 
38–42] . Phosphorylation of p38 MAPK , but not ERK1/2, 
was observed after treatment of hASM cells with HMC �  
cell-derived CM, which is consistent with a previous 
study that also showed phosphorylation of p38 MAPK  after 
culturing hASM cells with HMC-1 cells  [13] . However, 
the enhanced IL-8 and IL-6 production was not inhibited 
by a p38 MAPK  inhibitor and also not by the inhibitors of 
other MAPKs (ERK1/2 and JNK). This observation sug-
gests that MAPK pathways are apparently less function-
ally important for HMC �  cell-derived CM-mediated cy-
tokine production from hASM cells. Interestingly, how-
ever, IL-8 production was diminished by the Src kinase 
inhibitor PP2. This finding suggests that the HMC �  cell-
derived factor/factors act via a tyrosine kinase receptor or 
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perhaps a G protein-coupled receptor-mediated pathway 
involving an Src kinase.

  We recently showed expression of the Src kinase Lyn 
in hASM cells  [37] . Another study also reported Lyn ex-
pression in hASM cells alongside a number of other Src 
kinases including Fyn, YES, and c-SRC  [60] . Co-stimula-
tion of hASM cells with IL-1 � , TNF � , and INF �  has been 
shown to induce Src family tyrosine kinase activation 
which, when inhibited by the Src kinase inhibitor PP1, led 
to attenuation of IL-1 � , IL-6, and IL-8 release  [61] . In our 
studies, the Src kinase inhibitor PP2 also diminished 
CM-induced IL-8 release from hASM cells but was, how-
ever, unable to inhibit the concomitant IL-6 release. This 
argues against HMC � -derived IL-1 � , TNF � , and INF �  
being responsible for the hASM cell activation. It may be 
that there are multiple mast cell-derived factors differen-
tially regulating IL-8 and IL-6 production from hASM 
cells or, alternatively, that there are different signaling 
pathways differentially controlling IL-8 and IL-6 produc-
tion in hASM cells  [37] . Src kinases are known to activate 
numerous signaling cascades  [62] , and further studies are 
thus required to reveal the pathway important for the 
ability of the HMC � -derived active factor/factors to in-
duce IL-8 production from hASM cells.

  In summary, the present study demonstrates that mast 
cell-derived proteinaceous factor/factors produce dra-
matic proinflammatory cytokine release from hASM 
cells through a signaling mechanism involving a Src ki-
nase pathway. The infiltration of mast cells into ASM 
bundles in asthmatic subjects, and consequent cellular 
cross-talk, especially in the presence of allergen, could 
trigger large quantities of cytokine production from 
hASM cells exacerbating airway inflammation and re-
cruiting further inflammatory cells that perpetuate asth-
matic symptoms.

  Acknowledgements 

 We thank Prof. Joseph Butterfield (Mayo Clinic, Rochester, 
Minn., USA) for providing the HMC-1 cells, and Prof. William 
Gerthoffer (University of South Alabama, Mobile, Ala., USA) for 
providing the telomerase-immortalized human airway smooth 
muscle cell lines. This study was partly supported by funding 
from The Asthma Foundation of Queensland, Australia (G.A.M.), 
and by the NH&MRC, Australia (A.G.S.).
 

 References 

  1 Hershenson MB, Brown M, Camoretti-Mer-
cado B, Solway J: Airway smooth muscle in 
asthma. Annu Rev Pathol 2008;   3:   523–555. 

  2 Robinson DS: The role of the mast cell in 
asthma: induction of airway hyperrespon-
siveness by interaction with smooth muscle? 
J Allergy Clin Immunol 2004;   114:   58–65. 

  3 Brightling CE, Bradding P, Symon FA, Hol-
gate ST, Wardlaw AJ, Pavord ID: Mast-cell 
infiltration of airway smooth muscle in asth-
ma. N Engl J Med 2002;   346:   1699–1705. 

  4 Carroll NG, Mutavdzic S, James AL: Distri-
bution and degranulation of airway mast 
cells in normal and asthmatic subjects. Eur 
Respir J 2002;   19:   879–885. 

  5 Brightling CE, Ammit AJ, Kaur D, Black JL, 
Wardlaw AJ, Hughes JM, Bradding P: The 
CXCL10/CXCR3 axis mediates human lung 
mast cell migration to asthmatic airway 
smooth muscle. Am J Respir Crit Care Med 
2005;   171:   1103–1108. 

  6 Ghaffar O, Hamid Q, Renzi PM, Allakhverdi 
Z, Molet S, Hogg JC, Shore SA, Luster AD, 
Lamkhioued B: Constitutive and cytokine-
stimulated expression of eotaxin by human 
airway smooth muscle cells. Am J Respir Crit 
Care Med 1999;   159:   1933–1942. 

  7 John M, Au BT, Jose PJ, Lim S, Saunders M, 
Barnes PJ, Mitchell JA, Belvisi MG, Chung 
KF: Expression and release of interleukin-8 
by human airway smooth muscle cells: inhi-
bition by Th-2 cytokines and corticosteroids. 
Am J Respir Cell Mol Biol 1998;   18:   84–90. 

  8 Juremalm M, Nilsson G: Chemokine recep-
tor expression by mast cells. Chem Immunol 
Allergy 2005;   87:   130–144. 

  9 Nilsson G, Mikovits JA, Metcalfe DD, Taub 
DD: Mast cell migratory response to inter-
leukin-8 is mediated through interaction 
with chemokine receptor CXCR2/interleu-
kin-8RB. Blood 1999;   93:   2791–2797. 

 10 Yang W, Kaur D, Okayama Y, Ito A, Wardlaw 
AJ, Brightling CE, Bradding P: Human lung 
mast cells adhere to human airway smooth 
muscle, in part, via tumor suppressor in lung 
cancer-1. J Immunol 2006;   176:   1238–1243. 

 11 Hollins F, Kaur D, Yang W, Cruse G, Saun-
ders R, Sutcliffe A, Berger P, Ito A, Brightling 
CE, Bradding P: Human airway smooth 
muscle promotes human lung mast cell sur-
vival, proliferation, and constitutive activa-
tion: cooperative roles for CADM1, stem cell 
factor, and IL-6. J Immunol 2008;   181:   2772–
2780. 

 12 Thangam EB, Venkatesha RT, Zaidi AK, Jor-
dan-Sciutto KL, Goncharov DA, Krymskaya 
VP, Amrani Y, Panettieri RA Jr, Ali H: Air-
way smooth muscle cells enhance C3a-in-
duced mast cell degranulation following 
cell-cell contact. FASEB J 2005;   19:   798–800. 

 13 Liu L, Yang J, Huang Y: Human airway 
smooth muscle cells express eotaxin in re-
sponse to signaling following mast cell con-
tact. Respiration 2006;   73:   227–235. 

 14 Bradding P: Mast cell regulation of airway 
smooth muscle function in asthma. Eur 
Respir J 2007;   29:   827–830. 

 15 Page S, Ammit AJ, Black JL, Armour CL: Hu-
man mast cell and airway smooth muscle cell 
interactions: implications for asthma. Am J 
Physiol Lung Cell Mol Physiol 2001;  
 281:L1313–L1323. 

 16 Brown JK, Jones CA, Rooney LA, Caughey 
GH, Hall IP: Tryptase’s potent mitogenic ef-
fects in human airway smooth muscle cells 
are via nonproteolytic actions. Am J Physiol 
Lung Cell Mol Physiol 2002;   282:L197–L206. 

 17 Dekkers BG, Schaafsma D, Nelemans SA, 
Zaagsma J, Meurs H: Extracellular matrix 
proteins differentially regulate airway 
smooth muscle phenotype and function. Am 
J Physiol Lung Cell Mol Physiol 2007;  
 292:L1405–L1413. 



 Xia/Harris/Stewart/Mackay

 

 Int Arch Allergy Immunol 2013;160:75–85 84

 18 Mizutani H, Schechter N, Lazarus G, Black 
RA, Kupper TS: Rapid and specific conver-
sion of precursor interleukin 1 �  (IL-1 � ) to an 
active IL-1 species by human mast cell chy-
mase. J Exp Med 1991;   174:   821–825. 

 19 Schuliga M, Ong SC, Soon L, Zal F, Harris T, 
Stewart AG: Airway smooth muscle remod-
els pericellular collagen fibrils: implications 
for proliferation. Am J Physiol Lung Cell Mol 
Physiol 2010;   298:L584–L592. 

 20 Woodman L, Siddiqui S, Cruse G, Sutcliffe 
A, Saunders R, Kaur D, Bradding P, Bright-
ling C: Mast cells promote airway smooth 
muscle cell differentiation via autocrine up-
regulation of TGF- � 1. J Immunol 2008;   181:  
 5001–5007. 

 21 Fong CY, Pang L, Holland E, Knox AJ: TGF-
 � 1 stimulates IL-8 release, COX-2 expres-
sion, and PGE 2  release in human airway 
smooth muscle cells. Am J Physiol Lung Cell 
Mol Physiol 2000;   279:L201–L207. 

 22 McKay S, Hirst SJ, Haas MB, de Jongste JC, 
Hoogsteden HC, Saxena PR, Sharma HS: Tu-
mor necrosis factor-alpha enhances mRNA 
expression and secretion of interleukin-6 in 
cultured human airway smooth muscle cells. 
Am J Respir Cell Mol Biol 2000;   23:   103–111. 

 23 Odaka M, Matsukura S, Kuga H, Kokubu F, 
Kasama T, Kurokawa M, Kawaguchi M, Ieki 
K, Suzuki S, Watanabe S, Homma T, Takeu-
chi H, Nohtomi K, Schleimer RP, Adachi M: 
Differential regulation of chemokine expres-
sion by Th1 and Th2 cytokines and mecha-
nisms of eotaxin/CCL-11 expression in hu-
man airway smooth muscle cells. Int Arch 
Allergy Immunol 2007;   143(suppl 1):84–88. 

 24 Kalesnikoff J, Galli SJ: New developments in 
mast cell biology. Nat Immunol 2008;   9:  
 1215–1223. 

 25 Bradding P, Holgate ST: Immunopathology 
and human mast cell cytokines. Crit Rev On-
col Hematol 1999;   31:   119–133. 

 26 Admyre C, Telemo E, Almqvist N, Lotvall J, 
Lahesmaa R, Scheynius A, Gabrielsson S: 
Exosomes – nanovesicles with possible roles 
in allergic inflammation. Allergy 2008;   63:  
 404–408. 

 27 Valadi H, Ekstrom K, Bossios A, Sjostrand 
M, Lee JJ, Lotvall JO: Exosome-mediated 
transfer of mRNAs and microRNAs is a nov-
el mechanism of genetic exchange between 
cells. Nat Cell Biol 2007;   9:   654–659. 

 28 Al-Nedawi K, Szemraj J, Cierniewski CS: 
Mast cell-derived exosomes activate endo-
thelial cells to secrete plasminogen activator 
inhibitor type 1. Arterioscler Thromb Vasc 
Biol 2005;   25:   1744–1749. 

 29 Laulagnier K, Motta C, Hamdi S, Roy S, Fau-
velle F, Pageaux JF, Kobayashi T, Salles JP, 
Perret B, Bonnerot C, Record M: Mast cell- 
and dendritic cell-derived exosomes display 
a specific lipid composition and an unusual 
membrane organization. Biochem J 2004;  
 380:   161–171. 

 30 Skokos D, Le Panse S, Villa I, Rousselle JC, 
Peronet R, David B, Namane A, Mecheri S: 
Mast cell-dependent B and T lymphocyte ac-
tivation is mediated by the secretion of im-
munologically active exosomes. J Immunol 
2001;   166:   868–876. 

 31 Alkhouri H, Hollins F, Moir LM, Brightling 
CE, Armour CL, Hughes JM: Human lung 
mast cells modulate the functions of airway 
smooth muscle cells in asthma. Allergy 2011;  
 66:   1231–1241. 

 32 Xia YC, Sun S, Kuek LE, Lopata AL, Hulett 
MD, Mackay GA: Human mast cell line-1 
(HMC-1) cells transfected with Fc � RI �  are 
sensitive to IgE/antigen-mediated stimula-
tion demonstrating selectivity towards cyto-
kine production. Int Immunopharmacol 
2011;   11:   1002–1011. 

 33 Fernandes D, Guida E, Koutsoubos V, Harris 
T, Vadiveloo P, Wilson JW, Stewart AG: Glu-
cocorticoids inhibit proliferation, cyclin D1 
expression, and retinoblastoma protein 
phosphorylation, but not activity of the ex-
tracellular-regulated kinases in human cul-
tured airway smooth muscle. Am J Respir 
Cell Mol Biol 1999;   21:   77–88. 

 34 Gosens R, Stelmack GL, Dueck G, McNeill 
KD, Yamasaki A, Gerthoffer WT, Unruh H, 
Gounni AS, Zaagsma J, Halayko AJ: Role of 
caveolin-1 in p42/p44 MAP kinase activa-
tion and proliferation of human airway 
smooth muscle. Am J Physiol Lung Cell Mol 
Physiol 2006;   291:L523–L534. 

 35 Butterfield JH, Weiler D, Dewald G, Gleich 
GJ: Establishment of an immature mast cell 
line from a patient with mast cell leukemia. 
Leuk Res 1988;   12:   345–355. 

 36 Thery C, Amigorena S, Raposo G, Clayton A: 
Isolation and characterization of exosomes 
from cell culture supernatants and biological 
f luids. Curr Protoc Cell Biol 2006;chapter 
3:unit 3.22. 

 37 Xia YC, Schuliga M, Shepherd M, Powell M, 
Harris T, Lagenbach SY, Tan PS, Gerthoffer 
WT, Hogarth PM, Stewart AG, Mackay GA: 
Functional expression of IgG-Fc receptors in 
human airway smooth muscle cells. Am J 
Respir Cell Mol Biol 2011;   44:   665–672. 

 38 Gerthoffer WT, Singer CA: MAPK regula-
tion of gene expression in airway smooth 
muscle. Respir Physiol Neurobiol 2003;   137:  
 237–250. 

 39 Iyoda M, Shibata T, Kawaguchi M, Hizawa 
N, Yamaoka T, Kokubu F, Akizawa T: IL-17A 
and IL-17F stimulate chemokines via MAPK 
pathways (ERK1/2 and p38 but not JNK) in 
mouse cultured mesangial cells: synergy 
with TNF- �  and IL-1 � . Am J Physiol Renal 
Physiol 2010;   298:F779–F787. 

 40 Levy CS, Slomiansky V, Gattelli A, Nahmod 
K, Pelisch F, Blaustein M, Srebrow A, Coso 
OA, Kordon EC: Tumor necrosis factor alpha 
induces LIF expression through ERK1/2 ac-
tivation in mammary epithelial cells. J Cell 
Biochem 2010;   110:   857–865. 

 41 Song R, Ning W, Liu F, Ameredes BT, Cal-
houn WJ, Otterbein LE, Choi AM: Regula-
tion of IL-1 � -induced GM-CSF production 
in human airway smooth muscle cells by car-
bon monoxide. Am J Physiol Lung Cell Mol 
Physiol 2003;   284:L50–L56. 

 42 Wuyts WA, Vanaudenaerde BM, Dupont LJ, 
Demedts MG, Verleden GM: Involvement of 
p38 MAPK, JNK, p42/p44 ERK and NF- �  �  
in IL-1 � -induced chemokine release in hu-
man airway smooth muscle cells. Respir Med 
2003;   97:   811–817. 

 43 Berger P, Girodet PO, Begueret H, Ousova O, 
Perng DW, Marthan R, Walls AF, Tunon de 
Lara JM: Tryptase-stimulated human airway 
smooth muscle cells induce cytokine synthe-
sis and mast cell chemotaxis. FASEB J 2003;  
 17:   2139–2141. 

 44 El-Shazly A, Berger P, Girodet PO, Ousova 
O, Fayon M, Vernejoux JM, Marthan R, Tu-
non-de-Lara JM: Fraktalkine produced by 
airway smooth muscle cells contributes to 
mast cell recruitment in asthma. J Immunol 
2006;   176:   1860–1868. 

 45 Girodet PO, Ozier A, Trian T, Begueret H, 
Ousova O, Vernejoux JM, Chanez P, Mar-
than R, Berger P, Tunon de Lara JM: Mast cell 
adhesion to bronchial smooth muscle in 
asthma specifically depends on CD51 and 
CD44 variant 6. Allergy 2010;   65:   1004–1012. 

 46 Kaur D, Hollins F, Saunders R, Woodman L, 
Sutcliffe A, Cruse G, Bradding P, Brightling 
C: Airway smooth muscle proliferation and 
survival is not modulated by mast cells. Clin 
Exp Allergy 2010;   40:   279–288. 

 47 Zhao W, Oskeritzian CA, Pozez AL, Schwartz 
LB: Cytokine production by skin-derived 
mast cells: endogenous proteases are respon-
sible for degradation of cytokines. J Immu-
nol 2005;   175:   2635–2642. 

 48 Henness S, van Thoor E, Ge Q, Armour CL, 
Hughes JM, Ammit AJ: IL-17A acts via p38 
MAPK to increase stability of TNF- � -in-
duced IL-8 mRNA in human ASM. Am J 
Physiol Lung Cell Mol Physiol 2006;  
 290:L1283–L1290. 

 49 Tran T, Fernandes DJ, Schuliga M, Harris T, 
Landells L, Stewart AG: Stimulus-dependent 
glucocorticoid-resistance of GM-CSF pro-
duction in human cultured airway smooth 
muscle. Br J Pharmacol 2005;   145:   123–131. 

 50 Pang L, Nie M, Corbett L, Sutcliffe A, Knox 
AJ: Mast cell  � -tryptase selectively cleaves 
eotaxin and RANTES and abrogates their 
eosinophil chemotactic activities. J Immu-
nol 2006;   176:   3788–3795. 

 51 Craig SS, Schechter NM, Schwartz LB: Ultra-
structural analysis of maturing human T 
and TC mast cells in situ. Lab Invest 1989;   60:  
 147–157. 

 52 Schulman ES, Kagey-Sobotka A, Mac-
Glashan DW, Adkinson NF, Peters SP, 
Schleimer RP, Lichtenstein LM: Heterogene-
ity of human mast cells. J Immunol 1983;   131:  
 1936–1941. 



 Mast Cell and Airway Smooth Muscle 
Cell Interactions 

 Int Arch Allergy Immunol 2013;160:75–85 85

 53 Halwani R, Al-Abri J, Beland M, Al-Jahdali 
H, Halayko AJ, Lee TH, Al-Muhsen S, Ha-
mid Q: CC and CXC chemokines induce air-
way smooth muscle proliferation and surviv-
al. J Immunol 2011;   186:   4156–4163. 

 54 Wuyts WA, Vanaudenaerde BM, Dupont LJ, 
Van Raemdonck DE, Demedts MG, Verleden 
GM: Interleukin-17-induced interleukin-8 
release in human airway smooth muscle 
cells: role for mitogen-activated kinases and 
nuclear factor- �  � . J Heart Lung Transplant 
2005;   24:   875–881. 

 55 Dragon S, Rahman MS, Yang J, Unruh H, 
Halayko AJ, Gounni AS: IL-17 enhances IL-
1 � -mediated CXCL-8 release from human 
airway smooth muscle cells. Am J Physiol 
Lung Cell Mol Physiol 2007;   292:L1023–
L1029. 

 56 Henness S, Johnson CK, Ge Q, Armour CL, 
Hughes JM, Ammit AJ: IL-17A augments 
TNF- � -induced IL-6 expression in airway 
smooth muscle by enhancing mRNA stabil-
ity. J Allergy Clin Immunol 2004;   114:   958–
964. 

 57 Skokos D, Goubran-Botros H, Roa M, 
Mecheri S: Immunoregulatory properties of 
mast cell-derived exosomes. Mol Immunol 
2002;   38:   1359–1362. 

 58 Lotvall J, Valadi H: Cell to cell signalling via 
exosomes through esRNA. Cell Adh Migr 
2007;   1:   156–158. 

 59 Skokos D, Botros HG, Demeure C, Morin J, 
Peronet R, Birkenmeier G, Boudaly S, 
Mecheri S: Mast cell-derived exosomes in-
duce phenotypic and functional maturation 
of dendritic cells and elicit specific immune 
responses in vivo. J Immunol 2003;   170:  
 3037–3045. 

 60 Pertel T, Zhu D, Panettieri RA, Yamaguchi 
N, Emala CW, Hirshman CA: Expression 
and muscarinic receptor coupling of lyn ki-
nase in cultured human airway smooth mus-
cle cells. Am J Physiol Lung Cell Mol Physiol 
2006;   290:L492–L500. 

 61 Singer CA, Lontay B, Unruh H, Halayko AJ, 
Gerthoffer WT: Src mediates cytokine-stim-
ulated gene expression in airway myocytes 
through ERK MAPK. Cell Commun Signal 
2011;   9:   14–19. 

 62 Parsons SJ, Parsons JT: Src family kinases, 
key regulators of signal transduction. Onco-
gene 2004;   23:   2906–2909. 

  



Online suppl. fig. 1. HMCα cell-derived CM enhances cytokine mRNA levels in hASM cells. Following
24 hours serum-starvation, hASM cells were treated with/without non-stimulated HMCα cells CM
(restCM) or antigen-stimulated HMCα cells CM (AgCM) for 6 or 16 hours. The mRNA levels of IL-8 (A)
and IL-6 (B) were measured by qPCR and are expressed as a normalization of the threshold cycle
numbers of the target gene versus 18S rRNA. Experiments were conducted on 3 separate
experiments using 1 immortalized hASM cell line. Statistical differences were tested using two-way
repeated measurement ANOVA, followed by Bonferroni’s multiple post-hoc tests. *P<0.05, **P<0.01,
***P<0.001 compared to the control groups.



Online suppl. fig. 2. HMCα cell-derived active factor/s is/are susceptible to heat-inactivation. The
hIgE/antigen-stimulated HMCα CM was pre-heated at different temperatures for 30 mins and then
diluted 50-fold with fresh serum-depleted DMEM, prior to addition to hASM cells. Cell supernatants
were harvested after 24 hours, IL-8 (A) and IL-6 (B) levels were measured. Results are expressed as
the mean cytokine levels ± SEM of experiments conducted on 3 different hASM cell cultures. One-
way repeated measures ANOVA, followed by Bonferroni’s multiple post-hoc test. *P<0.05, **P<0.01
compared to the basal release; ##P<0.01 compared to HMCα CM incubated at 21C.
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